14 15 Bottled waters are increasingly popular in Tunisia. Most of them come from 16 groundwaters, thus raising the question of the long-term availability of the mineral 17 groundwater resources. Water collected from production springs or wells of eleven 18 mineral waters of Tunisia among the main commercial brands were analyzed for 19 tritium ( 3 H), helium-3, SF 6 , CFCs and carbon-14. Tracer-tracer plots indicate that all 20 of the groundwaters of our data set are a mixture of modern rainwater with older 21 groundwater flow waters that are beyond the time-scale of the transient tracers. 14 C 22
The rapid increase in bottled mineral groundwater production in Tunisia needed to 32 meet consumer demand (110 millions bottles in 1995 and 1.04 billion bottles in 2015 33 -Office du thermalisme at www.thermalisme.nat.tn) raises the question of the long-34 term sustainability of this economic sector. 35
Renewal time of groundwater, which is clearly related to the ratio of the storage 36 volume to the recharge rate, is an important notion regarding vulnerability and 37 sustainability of groundwater resources. Numerical models of groundwater flow can 38 describe accurately the hydrodynamic functioning of a given aquifer, and therefore 39 can give stackeholders and the mineral water industry management important 40 indications to prevent pollution and/or overexploitation of the water resource. 41
However, they require detailed information (e.g. boundary conditions, hydraulic 42 conductivity, porosity, etc...) which are usually not available. As an alternative, the 43 analysis of atmospheric transient tracer concentrations in groundwaters can provide 44 important basic information on their residence time and mixing. 45
As a development arising from tritium, which can be used as a transient tracer as 46 a result of 3 H injection into the atmosphere from the atmospheric testing of nuclear 47 devices in the 50's and early 60's, the 3 H-3 He dating method offers a direct measure 48 for the time since groundwater had its last gas exchange with the atmosphere. The 49 3 H-3 He pair is of particular interest because tritium and its daughter helium-3 are 50 assumed to be fully conservative tracers, and also because the 3 H-3 He radioactive 51 clock only relies on the in-situ 3 H/ 3 He ratio. Hence, it is independent of the history of 52 tritium input to the aquifer (Schlosser et al., 1988 (Schlosser et al., , 1989 Poreda et al., 1988; 53 behaviour. In most cases however, groundwater flow may be more complicated and 81 one must test a variety of modeled reservoirs connected to each other serially or in 82 parallel with or without dead volumes, cross flow in between or bypass flow (see 83
Ozyurt and Bayari, 2003 and references therein). 84
Here we report the application of such a multi-tracer approach to a suite of 85 mineral waters of Northern and Central Tunisia among the main commercial brands. 86
The region is characterized by a semi-arid climate with mild wet winters and hot dry 87 summers (monthly average temperatures vary from 10±1°C in January to 28±2°C in 88 August), and relatively low annual rainfall in the range 300 mm -600 mm. For this 89 study, we selected eleven bottled water production sites (Table 1) , exploiting local 90 aquifers nested in karstified limestone and/or sandstone formations (see Appendix 91 A). Very little is known by the operators concerning the actual extent of their mineral 92 groundwater resources and the sustainability of their business. Comparison of 93 mineral water withdrawal rates and recharge rates estimated from precipitation 94 figures and catchments' surface area shows that the rate of water withdrawal 95 exceeds the present-day recharge rate. This overexploitation of the local mineral 96 groundwater reservoirs may have serious implications in term of water quality and 97 economic consequences for the mineral water industry. Note that the issue of 98 groundwater overexploitation in Tunisia is not restricted to mineral waters: Tunisia, 99 being a semi-arid to arid country, is facing water shortage of increasing severity as a 100 result of population growth, rising living standards and increasing water consumption 101 by the agricultural sector (Frija et al., 2014) 102 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
Saclay) with a MAP-215 mass spectrometer using standard procedures. Helium and 128 neon dissolved in the water samples were first extracted under vacuum into sealed 129 glass tubes. The accuracy is ±0.8% for helium and neon concentrations, and ± 0.4% 130 for the 3 He/ 4 He ratio. Water for tritium determination was degassed and stored during 131 9 to 12 months to allow for 3 He ingrowth. Uncertainty on tritium determination is given 132 in Carbon-14 samples were taken in 500 ml stainless steel cells and analyzed by 135 accelerator mass spectrometry at the French Radiocarbon National facility (CEA-136 Saclay), with an accuracy between ±0.1 pmC and ± 0.2 pmC (see Table 2 ). Delta 13 C 137 was measured by IRMS at Paris-Sud University, with an accuracy of ± 0.1 ‰. 138
Water for stable isotope analysis was collected in 15 ml glass bottles. Deuterium 139 and oxygen-18 were analysed at LSCE (CEA-Saclay) by laser spectrometry. 140
Uncertainties are ± 0.15 ‰ and ± 0.7 ‰ for oxygen-18 and deuterium respectively. The results are consistent with precipitation isotopic data for northern and central which shows the absence of mantle helium in the studied area (except for Ain Garci -188 see below). Note that 3 He ter is very small, therefore 3 He tri is relatively insensitive to the 189 value of this terrigenic 3 He/ 4 He ratio. 190
Tracer ages are reported in Table 2 This mixing trend defined by CFC tracer plots is also apparent on the tritium-F12 242 and tritium-radiocarbon diagrams ( Fig. 6a and 6b ). This latter diagram also suggests 243 that, for the various studied sites, the old water 14 C endmember is in the range 5 -244 50 pmC, corresponding to radiocarbon ages between one and four radiocarbon half-245 lifes (approximately 5000 to 20000 years). Radiogenic 4 He was plotted against these 246 radiocarbon ages (not shown) since one would expect radiogenic 4 He coming with 247 the old water. However, as already noticed in the above Results section, for all the 248 sites 3 He ter and 4 He ter are very small and do not provide any clear evidence of a 249 M A N U S C R I P T
correlation with 14 C ages. This is probably because the old waters are too shallow to 250 pick-up significant crustal helium. 251
The fraction of old water present at each site, estimated from the F113 -F12 or 252 tritium -F12 diagrams, is shown in Fig. 7 . 253
Qualitatively, one may say that this factor of dilution by the old waters is an 254 indication of size of the reservoir, and therefore of the sustainability of groundwater 255 resource. More quantitatively, the evolution of the tracer concentration C n at year n 256 (for a well-mixed deep reservoir) can be deduced from the tracer concentration C n-1 257 at year n-1 by writing the following tracer balance equation: 258
where ∆t equals 1 year, r (in m/year) is the water recharge rate and w (in m/year) is 260 the withdrawal rate (both natural and anthropic). A (in m 2 ) is the surface area of the 261 recharge zone, (AH n ) and (AH n-1 ) are the volume of groundwater at year n and n-1 (in 262 m 3 ) and (C surf ) n is the tracer concentration in the recharge water of the year n. 263
In a similar way, the time-evolution of the volume of groundwater obeys the 264 following equation: 265
If one introduces the renewal time τ n of the groundwater defined by τ n = H n /r, 267 equations (1) and (2) can be rewritten as follows : 268
Note that for tritium, a radioactive decay is applied to the concentrations every year 271 (not shown in the above equations). various w/r. The value of w/r, which is not known precisely, is assumed equal to 1 in 276 natural conditions. For all the sites where groundwater is pumped from a well, 277 different values of w/r between 1 and 10 are tested. Since C 2010 must be equal to the 278 measured concentration, a value of τ init can be determined for each tracer. 279
Calculations start in 1950 for CFC's with an initial concentration set to zero. For 280 tritium, an additional spin-up phase going from 1900 to 1950 is necessary to allow for 281 the establishment of the natural concentration in the groundwater reservoir. Table 3  282 displays the value of the renewal time at each site calculated for each tracer for w/r=1 283 and w/r=10. One can see that the impact of the value chosen for w/r remains limited. 284
This unexpected result is due to the fact that tracer infiltration started in the 1950's, 285 that is well before the commissioning of most of the sites (see Table 1 ); as a 286 consequence, because of the small withdrawal time compared to the tracer infiltration 287 history, the influence of the withdrawal rate has not enough time to really make a 288 strong difference. Tritium-based renewal times are systematically higher than those 289 of F-12 and F-113. For the majority of the studied sites, renewal times are in the 290 range 50-150 years and, as expected, increase to several centuries (and even 291 millenia) for the sites that show the highest dilution by old waters (Jannet, Hayet, 292 Sabrine, Marwa). 293
The discrepancy between tritium-based and F-12 / F-133-based renewal times 294
indicates that the well-mixed reservoir hypothesis is clearly oversimplified, thus 295 explaining why the renewal time is affected by the temporal shape of the tracer input Tracer-tracer plots indicate that the analysed groundwaters are a mixture of 313 "modern" rainwater with older waters of pre-1950s ages, which constitute the main 314 groundwater reservoir. 14 C data suggest that the age of these old waters is of the 315 order of radiocarbon half-life or more. 316
The degree of dilution by these old waters is a qualitative indication of size of the 317 reservoir, and therefore of the sustainability of groundwater resource. More are decay-corrected using a tritium half-life of 4500 d (Lucas and Unterweger, 2000) . 608
Dotted curve represent mixing between old waters and a recharge water of the year 609 2010 . (b) 3 H versus 14 C (corrected for carbonate dissolution). NB: the initial 14 C value 610 of recharge waters, as given by the 14 C input function (Fig. 4a ), can be modified by 611 interaction of infiltrating water with soil CO 2 from plant root respiration and microbial 612 degradation of soil organic matter. In semi-arid to arid environments however, those 613 biological interactions are minimal (Plummer and Glynn, 2013) from excess air as defined by neon data and normalized to sea-level pressure and a 626 common temperature of 15°C to allow the comparison of all sites (note that the 627 uncertainty on CFC and SF 6 ages do not take into account the uncertainty on the air 628 excess correction, mostly because of the lack of knowledge of the exact recharge 629 altitude). 630 631 M A N U S C R I P T
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